Liver diseases are one of the main causes of mortality. In this regard, the development of new ways of reparative processes stimulation is relevant. Macrophages play a leading role in the regulation of liver homeostasis in physiological conditions and in pathology. In this regard, the development of new liver treatment methods is impossible without taking into account this cell population. Resident macrophages of the liver, Kupffer cells, represent a unique cell population, first of all, due to their development. Most of the liver macrophages belong to the self-sustaining macrophage cell population, whose origin is not bone marrow. In addition, Kupffer cells are involved in such processes as regulation of hepatocyte proliferation and apoptosis, remodeling of the intercellular matrix, lipid metabolism, protective function, etc. Such a broad spectrum of liver macrophage functions indicates their high functional plasticity. The review summarizes recent data on the development, phenotypic and functional plasticity, and participation in the reparative processes of liver macrophages: resident macrophages (Kupffer cells) and bone marrow-derived macrophages.
Introduction
Liver pathology still accounts a significant portion in the structure of morbidity [1, 2] . In this regard, a constant search for new therapeutic approaches, including the usage of cellular and gene technologies, is needed [3, 4] . Resident macrophages of the liver, Kupffer cells, which account 80-90% of all macrophages of the mammalian organism [5] , are considered as one of the possible application targets of regenerative medicine [6] . In addition, Kupffer cells play a key role in maintaining liver homeostasis in normal and pathological conditions [7] . Macrophages serve as significant regulators of liver regeneration [8, 9] , development of inflammatory processes, fibrosis [10, 11] , cholestatic diseases [12] , tumor progression [13] , and liver damage during transplantation [14] .
Development of new methods of treating liver diseases is impossible without studying the population of liver macrophages. However, this is an extremely difficult task, as macrophages represent a highly heterogeneous cell population. In this regard, the review focuses on current data on ontogenesis, phenotypic and functional plasticity of liver macrophages and their role in reparative processes.
Macrophage Population of the Liver
As has been mentioned above, in the normal liver of mammals, the population of macrophages is composed largely of cells that originate from the erythro-myeloid progenitor cells of the yolk sac and are commonly referred to as Kupffer cells. Macrophages derived from the blood monocytes represent a minor population in the liver; according to different estimates, they constitute from 5% to 30% of total liver macrophages [15, [23] [24] [25] .
Such a large variation in quantitative estimation of the population of bone marrow-derived macrophages in the liver is due to specific choices of the markers used to identify them [26] . In our opinion, the most relevant choice is represented by a combination of Ly6C and CX3CR1 markers [15, 17, 25] .
The majority of studies on macrophage ontogenesis were performed using laboratory mice. The postnatal mouse macrophages of bone marrow origin carry the surface protein Ly6C, which is absent from the surface of Kupffer cells [25, 27] . Similarly, the protein marker CX3CR1 is used to recognize bone marrow-derived macrophages in rats (since Ly6C protein is not detected in rats) [25] . According to the data obtained with these markers, the proportion of bone marrow-derived macrophages in the liver constitutes approximately 5% [15, 17, 25] . Such an assessment is consistent with the observation that liver macrophages are diverse by their size and location. Two types of liver macrophages have been identified: large, located near the sinusoidal capillaries, and small, located around the central veins and portal tracts. Both of them express CD68; however, CD163 is expressed at a high level only by large Kupffer cells [28, 29] . The small macrophages constitute about 8%, which is similar to the proportion of bone marrow-derived liver macrophages determined by Ly6C immunostaining [15, 25] . These findings allow the possibility to consider small liver macrophages as the cells of monocytic origin.
The most controversial data is obtained using markers CD11b and CD68. These markers are expressed in a variety of cell types including all leukocytes; in addition, CD68 is found in endothelial cells and fibroblasts [30] . CD11b and CD68 participate in cell adhesion, cell migration, and phagocytosis; accordingly, their expression may undergo considerable rapid changes [30] [31] [32] .
CD11b has been employed as a marker of bone marrow-derived macrophages in some studies [23, 24, 33] . It has been shown that, although all macrophages found in the liver (Kupffer cells and bone marrow-derived macrophages) express CD11b, the bone marrow-derived macrophages express it at a higher level [17, 19, 25, 34, 35] .
Using the latest Single Cell RNA sequencing method in the human liver MacParland and colleagues established the presence of two populations of resident macrophages with pro-inflammatory and immunoregulatory (non-inflammatory) phenotypes. One of the main differences between these two populations was the expression level of the MARCO marker, which prevailed in non-inflammatory macrophages; MARCO+ macrophages were localized in the periportal zone [36] . Another study with Single cell RNA sequencing in a mouse steatohepatitis model also revealed two macrophage populations: Kupffer cells expressing Clec4f and monocytes-derived macrophages expressing Lyz2 [37] . Moreover, the population of macrophages with monocytic origin, found in the liver with steatohepatitis, was also extremely heterogeneous. The authors distinguish at least three subtypes of such macrophages: MoMF I showed a high expression of the extracellular matrix protein fibronectin 1 (Fn1), as well as microsomal glutathione S-transferase 1 (Mgst1) and methionine sulfoxide reductase B1 (Msrb1). MoMF II expressed few marker genes including Chil1, mainly indicating a bone marrow origin. MoMF III was characterized by a pronounced expression of Il1b [37] .
In summary, according to one set of reports, the resident mouse liver macrophages have Ly6C − CX3CR1 low phenotype, whereas under the inflammatory conditions the liver tissue becomes infiltrated by the bone marrow-derived macrophages with Ly6C + CX3CR1 hi phenotype [25, 38, 39] . Other studies indicate that Kupffer cells are either F4/80 + CD11b − CD169 + CD68 + CD80 lo , or CD68 + CD11b − , or F4/80 high CD11b low , whereas the infiltrating bone marrow-derived monocytic macrophages are F4/80 + CD11b + CD80 hi CD11b + [23, 34, 35, 40] . The data available for other mammalian species are limited. For humans, it has been proposed to use CD163L as a Kupffer cell-specific marker and CLEC5A as a marker specific for the monocyte-derived pro-inflammatory macrophages migrating to the liver [41] .
Data on the composition of the liver macrophage population and their phenotypic characteristics are summarized in Figure 1 and Table 1 . 
The Diversity of Macrophage Functional Types
The macrophages represent heterogeneous cell population not only by their developmental sources, but also by their functional characteristics. Macrophages are capable of very rapid phenotypic and functional changes under the action of signal molecules.
The main activators of Kupffer cells are complement factors C3a and C5a, as well as LPS [47, 48] . LPS directly through TLR4 activates Kupffer cells, which leads to an increase in the synthesis and release of TNF-a, IL-1b, IL-6, IL-12, IL-18, IL-10, and IFN-γ. The binding of LPS and TLR4 leads to the formation of a multiprotein membrane complex containing myeloid differentiation factor MyD88, TNFR-associated factors (TRAFs), interleukin-1 receptor-associated kinases (IRAKs), and TGF-beta-activated kinase 1 (TAK1). The formation of this complex leads to the activation of JNK and p38 mitogen-activated protein kinases (MAPKs) and NF-kB signaling pathway were activated [5, 47, 48] .
Upon activation of the complement system, C3a and C5a bind to their receptors with followed activation of down-stream signaling system which includes G proteins and phospholipase C. This pathway leads to increased synthesis of Kupffer cells Prostaglandin D2, Prostaglandin E2, Prostaglandin F2α, as well as thromboxane A2, as well as the release of superoxide [5, 49] . Data on the Kupffer cells activation are summarized in Figure 2 .
Another way to activate Kupffer cells is through the formation of inflammasomes-a complex of NOD-like receptors and apoptosis-associated speck-like protein a CARD, which is necessary for activation of caspase 1, which in turn activates pro-inflammatory cytokines IL-1β and IL-18 [50, 51] . Formation of inflammasomes in the cytosol plays a central role in the development of inflammatory and fibrotic diseases. The most known for the development of liver diseases is the NLRP3 inflammasome, their increased formation leads to severe inflammation in the liver, which is associated with overproduction of IL-1β and severe liver neutrophilic infiltration [51] .
In situ activation of macrophages (the so-called 'macrophage polarization') may take either the M1 pro-inflammatory direction or the M2 anti-inflammatory direction [47, 52] . The M1 and M2 polar states of macrophage activation differ not only by specific markers, but, most importantly, by their roles in immune response and tissue repair [53] . A local shift towards M2 phenotype within a tissue damage area significantly improves the dynamics and efficiency of repair processes, as has been demonstrated for a number of particular models including skin wound healing [54] , spinal cord damage [55] , myocardial infarction and cardiomyopathy [56] and some other models. A shift in the balance of different functional classes of macrophages may occur by suppression of the M1 activation pathway as well as by reinforcement of the M2 activation pathway. At the same time, a part of macrophages may remain in the non-activated state [47, 57] . In vivo shifts in the M1/M2 balance may be induced in a paracrine manner e.g., by blocking IL6 which promotes the M1 polarization [55] or introducing IL4 [58] or IL10 which promote the M2a and M2c polarization, respectively [59] . the activation of JNK and p38 mitogen-activated protein kinases (MAPKs) and NF-kB signaling pathway were activated [5, 47, 48] . Upon activation of the complement system, C3a and C5a bind to their receptors with followed activation of down-stream signaling system which includes G proteins and phospholipase C. This pathway leads to increased synthesis of Kupffer cells Prostaglandin D2, Prostaglandin E2, Prostaglandin F2α, as well as thromboxane A2, as well as the release of superoxide [5, 49] . Data on the Kupffer cells activation are summarized in Figure 2 Mechanisms of Kupffer cell activation. C3 and C5, complement factor 3 and 5; C3a and C5a, activated complement factor 3 and 5; CD14, CD14 receptor; COX-I/II, cyclooxygenase-I/II; DAG, diacylglycerol; H2O2, hydrogen peroxide; iNOS, inducible nitric oxide synthase; IL-1, interleukin-1; IL-6, interleukin-6; IP3, inositol-3-phosphate; IRAK, interleukin-1 receptor-associated kinase; LPB, LPS-binding protein; LPS, lipopolysaccharide; NOX, NADPH oxidase; NFκB, nuclear factor κB; NO, nitric oxide; O2 − , superoxide anion; PGD2, PGE2 and PGF2α, Prostaglandin D2, Prostaglandin E2, Prostaglandin F2α; PKC, protein kinase C; PLA2, phospholipase A2; PLC, phospholipase C; TLR4, Toll-like receptor 4; TNFα, tumor necrosis factor-α; TRAP-6, TNF-activated factor 6; TXA2, thromboxane A2. With modification made in NetworkPainter from [5] under CC-BY.
In situ activation of macrophages (the so-called 'macrophage polarization') may take either the M1 pro-inflammatory direction or the M2 anti-inflammatory direction [47, 52] . The M1 and M2 polar states of macrophage activation differ not only by specific markers, but, most importantly, by However, the use of markers is in many respects conditional. No exact correspondence exists between the Ly6C+ and M1 macrophages as well as between Ly6C-and M2 macrophages. On the contrary, Ly6C+ macrophages may in some cases give rise to both M1 and M2 functional types [60, 61] .
An experimental study by our research group has revealed that macrophages of bone-marrow origin and Kupffer cells have similar profiles of surface markers. Both of them express CD86 which is necessary for activation, proliferation, cytokine production and T cell differentiation [62] , CD163 which is involved in bacterial recognition and triggering of local inflammatory reactions [63] and CD206 which is required for phagocytosis, antigen presentation and clearance of pro-inflammatory mediators from the circulation [64, 65] . However, some quantitative differences in the expression of surface markers are evident: monocytic macrophages predominantly express the M1 marker CD86, whereas Kupffer cells predominantly express the M2 markers CD163 and CD206. At the same time, despite the association of surface markers with specific functionalities, the increased expression levels have been observed in both types of macrophages under the influence of bacterial endotoxin lipopolysaccharide (LPS) combined with IFN-γ or IL4 combined with IL10. Similar results have been obtained in the analysis of cytokine gene expression: transcription of pro-inflammatory cytokine genes (Il1b, Il6, Tnfa) and anti-inflammatory cytokine genes (Il10) in macrophages under the influence of LPS combined with IFN-γ or IL4 combined with IL10 becomes upregulated in concert [66] .
To summarize, no strict border between M1 and M2 functional types of macrophages can be drawn. Instead, there is a continuous series of transitional forms being constantly updated to the needs of particular tissue microenvironments [48, 67, 68] .
Macrophages and Regeneration of the Liver
The roles of macrophages in liver regeneration are diverse; first of all, it is the production of IL6 [69] and TNFα [70] which promote the transition of hepatocytes to mitotic cycle and also regulate hepatocyte apoptosis [5, 71] . In addition, macrophages secrete the ligands of Wnt signaling pathway (also involved in the control of hepatocyte proliferation) [72] as well as TWEAK protein which activates proliferation of cholangiocytes and their transdifferentiation into hepatocytes [73] .
It has been shown that both Kupffer cells and the transient immigrant macrophages of bone marrow (monocytic) origin can be involved in liver regeneration; their comparative involvement depends on the type of damage [25, 27] .
At the initial stages of the acute toxic injury induced by paracetamol or some other hepatotoxic substances, the numbers of the tissue-resident liver macrophages (Kupffer cells) decrease and the numbers of the blood monocyte-derived macrophages simultaneously increase, whereas the artificial suppression of the infiltration of the damaged liver with macrophages from the blood results in a more profound damage to the organ [74, 75] . At later stages of the inflammatory process, the number of Kupffer cells within the liver is restored [25, 27] . The artificial reduction in the proportion of Kupffer cells within the liver, especially at the early stages of regeneration or before the induction of the acute toxic injury, stimulates the proliferative response of hepatocytes [74, 75] . The suppression of liver regeneration by Kupffer cells, in this case, is plausibly mediated by IL-18 released by Kupffer cells [27, 76] .
The sequence of participation of different macrophage populations in regeneration of the liver after the ischemia/reperfusion modeling is diametrically opposite: activation of Kupffer cells happens early while participation of the infiltrating monocyte-derived macrophages is delayed [77] .
Yet another chain of events comes into action in the case of the compensatory growth following massive liver resections. The infiltration of hepatic tissue with monocytes and macrophages from the blood in this case is negligible [78] which correlates with low concentrations of MCP-1 in the remnant liver after 70% hepatectomy; the increased content of MCP-1 protein is responsible for chemotaxis of the bone marrow-derived (monocytic) macrophages after paracetamol-or tetrachloromethane-induced toxic injury [79] . Very few studies indicate the possibility of migration of the bone marrow-derived macrophages to the liver after partial hepatectomy, with the migration peaking on day 3 after the surgery [23, 24] . As has been mentioned before, the discrepancies are probably related to the use of different markers.
Most likely, the lack of immigration of bone marrow-derived macrophages to the liver has no correlation with the resection volume. Our studies performed on rat model have demonstrated that subtotal liver resection causes a sharp decrease in the liver content of cytokine TNFa which is produced by Kupffer cells [44] . Under these conditions of low TNFa concentration, associated with the temporal growth arrest in hepatocytes characteristic of subtotal resection, immigration of an additional number of macrophages from the blood could rescue the TNFa levels, stimulate hepatocyte proliferation and thereby reduce the risks of fatal outcome for the entire organism. The potential success of such a strategy was confirmed by using a small size hepatic remnant model in mice under melatonin administration. The drug-promoted synthesis of TNFa and IL6 inside the remnant liver accelerated the proliferation of hepatocytes and stimulated the growth and functional recovery of the liver. The authors convincingly demonstrated that the beneficial increase in the hepatic levels of TNFa and IL6 was caused by infiltration of the remnant liver by monocytic macrophages from the blood [80] .
Despite its potential usefulness, we observed no significant immigration of monocytic macrophages to the regenerating liver after subtotal liver resection in rats. At the same time, increased counts of CD68+ macrophages in the liver were observed on day 1 after the subtotal resection [44] . However, the CX3CR1 + and CD11b hi cell counts were insignificant, which indicates negligible levels of the monocytic macrophage immigration to the liver at this point [44] . Probably, an increase in the number of liver macrophages after subtotal resection was provided solely by proliferation of Kupffer cells, the peak of which was observed at 48 h after surgery [44] . However, it cannot be excluded that there are genusand species-specific features of the participation of monocytic macrophages in the post-hepatectomy liver regeneration. Another explanation for the apparent lack of the bone marrow-derived macrophages in the liver during the recovery after subtotal hepatectomy in rats may be related to the possible 'damping' of the expression of specific markers in monocytes upon their arrival in the remnant liver; such effects of molecular signature dissolution for particular cell populations have been described in mice and men under various conditions [81] .
Despite the intense consideration given to the roles of macrophages in liver regeneration, it remains unclear why, after resections of different volume, the resident Kupffer cells participate in the reparative process on their own, without 'a hand' from the monocytes of the blood (especially considering that the bone marrow-derived macrophages largely influence the course of the recovery after the acute toxic liver injuries).
The reasons for the differential participation of various macrophage populations in the recovery of mammalian liver tissue can be considered from several perspectives. The suggestion about the diverse functions of the liver macrophages cannot be excluded. It has been shown that the CD11b+ macrophages are capable of robust production of cytokines but have low phagocytic activity, whereas CD68+ cells clearly indulge in phagocytosis [33] . The concomitant morphological differences are questionable; at least, in the liver, the number of smaller macrophages is about 8%, which roughly coincides with the estimated proportion of bone marrow-derived macrophages in this organ [15, 25] .
The Plasticity of Macrophages
High phenotypic plasticity is characteristic of macrophages regardless of their particular developmental sources of origin; yet some experts suggest that plasticity of macrophages may depend on their origin [60, 61] . In recent years, the opinion has increasingly been expressed that, in mammals, macrophages of the bone marrow (monocytic) origin have the greatest plasticity. This concept is based on the diverse sensitivity of macrophages to activation factors; it is convincingly illustrated by differential gene expression in the monocytic and resident macrophages under the influence of LPS, as well as the increased sensitivity of resident macrophages to M-CSF [82] [83] [84] . In relation to the normal liver function and regeneration, this means that the bone marrow-derived monocytic macrophages are adapted to the needs and burdens of the liver under the inflammatory conditions while Kupffer cells, the tissue-resident liver macrophages, are adapted to the normal functioning of the liver [85] . An important point in the regulation of inflammatory reactions by monocytic macrophages is their ability to activate the neutrophil-mediated response e.g., production of free radicals and scavenging of apoptotic bodies [38] .
A comparative study of the sensitivity of macrophages of different origin (exemplified by Kupffer cells and monocytic macrophages) to various activating factors was conducted in our laboratory. Both types of macrophages were shown to be more sensitive to the effects of LPS than to IL4 or IL10. However, monocytic macrophages were more sensitive to the effects of LPS as revealed by increased expression of interleukin genes Il1b, Il6 and Tnfa under the influence of the lowest tested concentrations of LPS. In Kupffer cells, the low concentration of LPS noticeably upregulated the expression of the anti-inflammatory Il10, whereas the expression of genes for pro-inflammatory cytokines Il1b, Il6 and Tnfa increased only under the influence of increased LPS concentrations [86] . The complementary analysis of gene expression profiles in monocytes revealed the increased expression of Toll-like receptor genes correlating with the increased sensitivity of the monocytes and monocytic macrophages to pro-inflammatory factors [87] .
These results may indicate that Kupffer cells are predisposed (pre-differentiated) in some way towards the anti-inflammatory phenotype; yet a different explanation is plausible. A similar reaction to LPS is typical for the endotoxin tolerance, a constrained pro-inflammatory response which develops under the repeated action of bacterial endotoxin LPS and proceeds without the induction of the synthesis of pro-inflammatory cytokines (IL1b, IL6, and TNFa) but with an increase in production of anti-inflammatory cytokines (IL10) [88, 89] . The reaction of Kupffer cells to the minimal concentrations of LPS in M1 differentiating medium, observed by us in this study, resembles the endotoxin tolerance by a number of features.
The LPS tolerance in Kupffer cells may develop as a consequence of continuous action of bacterial endotoxin that is formed inside the intestine, absorbed into the blood and primarily transferred to the liver [8] . It is not clear whether to regard this condition as the full-scale LPS tolerance, since according to our data it is accompanied by neither the increased expression of such characteristic LPS tolerance genes as Socs1, Socs3, Irak1, nor the reduced expression of NF-kBp50 [90, 91] . At the same time, expression of MAPK signaling-related genes Erk2 and p38 is reduced in the native Kupffer cells as compared with monocytic macrophages. The proteins ERK2 and P38 participate in the macrophage-mediated synthesis and secretion of pro-inflammatory cytokines; their decreased production may lead to LPS tolerance [89] [90] [91] .
Additional data on differential phenotypic plasticity of macrophages of different origin were obtained on a mouse model of acetaminophen-induced acute liver injury. In this model, both the bone marrow-derived (monocytic) macrophages and the tissue-resident Kupffer cells are actively involved in the repair process. Some of the genes expressed at high levels in monocytic and resident macrophages turned out to be the same, for instance CD169 (Siglec1), F4/80 (Emr1), CD64 (Fcgr1), receptor tyrosine kinases Mer (Mertk) and Axl (Axl), macrosialin (CD68) and the MHC class II encoding genes. At the same time, the two macrophage subpopulations differentially expressed about 600 genes e.g., matrix metalloproteinase genes and the genes responsible for scavenging of dying cells [25] . It has been shown that macrophages of monocytic origin migrating to the liver initially express the genes of pro-inflammatory cytokines, but, under the influence of the microenvironment, their expression profile changes towards the synthesis of anti-inflammatory hepatoprotective cytokines; this finding highlights the high plasticity of bone marrow-derived macrophages [25] . In the course of regeneration, the resident liver macrophages (Kupffer cells) and the transient macrophages of monocytic origin produce a wide variety of pro-angiogenic factors; however, it is not clear which of the two subpopulations is the leading performer of this paracrine function [25, 27] .
Specialized participation of monocytic and resident macrophages in the regulation of homeostasis under different conditions might be considered from the prospects of coexistence of two macrophage lineages in mammals within the M1/M2 paradigm of functional specialization. It should be noted that the model, which originally implied domination of the two fully differentiated polar phenotypes, has been significantly updated [53, 57, 67] . The M1 and M2 phenotypes are currently viewed as the two extreme points in the continuous spectrum of functional types of macrophages. With this update, the search for specific quantitative markers for M1 and M2 phenotypes has become even more relevant and is constantly underway [47, 48] .
The analysis of our own data has shown that, although monocytes and Kupffer cells have different expression profiles, the differences are apparently unrelated to the M1/M2 paradigm. According to current definitions, the M1 phenotype is specifically marked by high expression of Stat1 and the iNOS gene Nos2, whereas the M2 phenotype is marked by expression of chemokines Ccl17, Ccl24 and Retnla as well as high expression levels of Arg1, Stat3 and Stat6 [47, 67] .
It should nevertheless be noted that increased levels of expression observed for certain genes in Kupffer cells reflect their involvement in the maintenance of liver homeostasis, for example, in the hepatic blood flow regulation (Nos2, Flt1, Kng1) or principal biochemical cascades characteristic of the liver (Arg1, C2, C6, C9, Crp, and Retnla). High levels of expression of some surface markers, including CD163 and CD206 involved, respectively, in hemoglobin turnover and hormone metabolism, highlight the contribution of Kupffer cells to general functions of the liver as an organ [92, 93] .
Phagocytic activity and antigen presentation are the key functions of macrophages. The differences correlating with these functions may underlie the peculiarity of distribution of macrophage types in mammals. It has been shown that only the macrophages of bone marrow (monocytic) origin are present in dermis of the skin and loose fibrous connective tissue of the intestinal wall, that is, in the areas of utmost antigenic pressure. It has been found that bone marrow-derived macrophages that arrive in the liver following the ionizing irradiation treatment show more pronounced phagocytic activity as compared with the tissue-resident liver macrophages -Kupffer cells [82] . According to our own in vitro observations, within 1 h after the addition of latex particles to the medium, non-activated macrophages of monocytic origin show more pronounced phagocytic activity in comparison with Kupffer cells. At the same time, non-activated monocytic macrophages exhibit a constant level of endocytosis, while in Kupffer cells a sharp burst of phagocytic activity detected at the initial stages of the experiment is followed by a rapid decline. It is interesting to note that the addition of M1 or M2 polarization factors to the culture medium upregulates phagocytic activity in both types of macrophages [66, 94] .
The notable plasticity of bone marrow-derived macrophages has been demonstrated in experiments on replacement of the artificially depleted local resident macrophage populations with the monocytic macrophages arriving from the blood; the scheme works successfully for different organs including the liver [82, 95, 96] .
The Niches of Macrophages
A number of authors adhere to an alternative interpretation of the ability of macrophages of bone marrow origin to replace resident macrophages. These researchers proceed from the assumption that the leading role in determining the properties of organ macrophages is played not by their source of origin, but by tight regulations conferred by local microenvironments [85, 97] . The concept of 'niche' takes into account a set of factors under which a macrophage implements its potential, including the tissue topography, the state of the extracellular matrix, the preexisting diversity of macrophages and the interaction with other cell types through contacts or through the action of paracrine factors [83] . Each existing niche is described by several indicators: accessibility, vacancy and whether there is competition for a niche [83, 85, 97] . The ratio of these indicators gives the answer to a number of questions; for example, why only one macrophage population is present in the central nervous system (niches are not available for bone marrow-derived macrophages due to the hemato-encephalic barrier) [83, 85, 97] . In the liver, according to the authors of the concept, despite the availability of niches during the entire postnatal period, by the time active hematopoiesis is established in the red bone marrow, all niches are already occupied. Under the conditions of toxic injury, some niches become vacant, which causes migration of bone marrow-derived macrophages to the liver. By contrast, in the lungs, due to the specific nature of their operation, free niches appear constantly, but there is competition for them, which leads to a gradual increase in the proportion of bone marrow-derived pulmonary macrophages during the postnatal period [83, 85, 97] .
Despite the fact that the macrophage niche concept is witty and useful from the prospects of functional studies, it still does not explain some of the most important phenomena associated with the growth and regeneration of the liver. First of all, this hypothesis postulates a gradual increase in the proportion of bone marrow-derived macrophages as the liver grows. The liver of laboratory rodents grows throughout life, while the proportion of bone marrow-derived macrophages in the liver of rats and mice remains approximately the same. After birth, the proportion of bone marrow-derived macrophages in the liver of mice reaches about 2-5% and remains at this level [16, 17] . For a mouse model of toxic liver injury, it has been demonstrated that the immigrating bone marrow-derived macrophages do not survive and are replaced with proliferating tissue-resident macrophages [27] . Even less explainable in terms of the niche concept is the reaction of the macrophage system of the liver to resections. In accordance with the hypothesis [85, 97] , the growth of the organ is accompanied by the emergence of new macrophage niches, which should enhance macrophage immigration. However, the post-hepatectomy immigration of bone marrow macrophages is very limited or totally absent probably in connection with the low level of MCP-1 production in the liver remnant [78, 79] .
Thus, the macrophage niche hypothesis does not fully explain all the phenomena associated with the distribution of different types of macrophages in mammals, as well as their diverse roles in repair processes. It is likely that the source of origin still has a significant impact on the properties of macrophages including the proliferation capacity [98] . It has been shown that large and small liver macrophages have different proliferation capacities; the large cells, presumably of embryonic origin, are more capable of proliferation [28, 29] .
According to classical knowledge, the tissue-resident liver macrophages reside in the perisinusoidal space (of Disse). It turns out that this space accommodates several subpopulations of macrophages, differing in their properties and cell size [29, 33] . In addition to these subpopulations, in the liver of mice, a subpopulation of macrophages of the organ capsule is described, which, unlike Kupffer cells, are of bone marrow origin; their main function is to protect the liver from pathogens that have entered the abdominal cavity. The number of such macrophages increases dramatically after the weaning, whereas the removal of capsular macrophages leads to a sharp increase in the number of neutrophils in the liver [45] . The role of capsular macrophages in liver regeneration remains obscure.
Macrophages in Liver Diseases

Alcoholic Liver Disease
Alcohol addiction affects millions of people around the world. Excessive alcohol consumption could lead to the development of alcoholic liver disease, fibrosis/cirrhosis, and hepatocellular carcinoma. The number of macrophages in the liver of patients with alcoholic liver disease and alcoholic hepatitis is significantly increased [99] . In patients with steatohepatitis with alcoholic disease, macrophages that were found in the liver expressed markers of both M1 and M2 macrophages [100] . In the blood of such patients, the concentration of cytokines (IL-6, IL-8, IL-18) and chemokines (monocyte chemoattractant protein 1 and macrophage inflammatory protein 1 alpha) increases, which also indicates macrophage activation in alcoholic liver disease [101] . Monocytes of patients with alcoholic liver disease are capable of spontaneous production of TNFa and are more sensitive to the effects of LPS [102] ; a similar reaction is also observed in Kupffer cells of experimental animals with a model of alcoholic liver disease [103] . Monocytic infiltration (Ly-6C + and Ly-6C low ) in the liver is also observed in model animals; during phagocytosis of apoptosis dying hepatocytes, Ly-6C + turned into Ly-Ly-6C low [104] . Despite the key role of macrophages in the development of alcoholic liver disease, drugs that affect Kupffer's cells in this pathology have not yet been used in the clinic. The use of antibodies to TNFa in patients with severe alcoholic illness did not significantly improve their clinical state [105] .
Viral Hepatitis
Infection with hepatitis B and C viruses leads to the development of fibrosis/cirrhosis of the liver, and also increases the risk of hepatocytic carcinoma [1, 2] . It is assumed that in the early stages of a viral infection, liver macrophages exhibit antiviral activity, but in chronic infections, liver macrophages could inhibit antiviral activity. So at the initial stages of a viral infection, Kupffer cells produce a large number of pro-inflammatory cytokines (IL-1β, IL-6, IL-18, and TNFα), while in chronic viral infections, macrophages begin to synthesize IL-10, TGFβ, galectin-9, PD-L1, and PD-L2, which suppresses antiviral defense [106] . The increase in the number of Kupffer cells in the liver expressing CD163, CD33, CD80, CD40, and MHC class-II is observed at hepatitis C virus infection [107, 108] . At the same time, it is difficult to clearly distinguish what is the origin of these cells: monocytic or resident macrophages of the liver.
Liver Fibrosis
Hepatic stellate cells (HSCs), or Ito cells, are stromal cells and, according to various estimations, make up 5-15% of all liver cells [109] ; they play a leading role in the development and liver fibrosis [110, 111] . Activation of stellate liver cells can be induced by various factors. It has been shown that damaged endothelium cells begin to produce fibronectin, and are involved in the activation of TGFb1 [112] . Another source of growth factors are platelets that produce TGFb, PDGF, EGF [113] . Kupffer cells in response to liver damage secrete a large set of cytokines, primarily TGFb1, as well as lipid peroxidation products together with hepatocytes, which also activates HSCs [5, 114] . At the next stage, active proliferation of HSCs is observed and PDGF is considered the main mitogen for them [115] . Under the influence PDGF, as well as MCP-1, HSCs migrate to chemokine sources [116] and begin to synthesize a large amount of collagen I [111] . In addition to stimulating the intercellular matrix synthesis the Kupffer cell also play a role in its remodeling due to the production of matrix metalloproteinases [8] .
Due to the key role of HSCs in the development of liver fibrosis, these cells are considered as one of the main targets of therapeutic approaches [110, 111] . To reduce liver fibrosis, it is proposed to direct the liver HSCs to a resting state by reducing the influence of profibrogenic factors [117, 118] or by making them differentiate into hepatocyte-like cells [119] . Kupffer cells also could serve as possible targets of therapeutic approaches. In experimental liver fibrosis it has been shown that large number of monocytes migrate to the organ, and preventing such migration reduces the ability of the liver to degrade excess matrix [120] . Exposure the CCL2 inhibitor to the liver leads to an increase of Ly-6C low number and accelerates the resolution of liver fibrosis [121] .
Hepatocellular Carcinoma
Hepatocellular carcinoma is the most common liver tumor [122] . Tumor-associated macrophages play a leading role in tumor growth, angiogenesis, metastasis due to the production of a large number of growth factors: PDGFβ, VEGF, TGFβ, and EGFR ligands, cytokines: IL-6, TNFα, and IL-10, chemokines: CCL17, CCL22, CCL24, CXCL12, and IL-8, as well as other factors (MMPs, osteopontin, and cyclooxyganse-2) [122, 123] . Tumor-associated macrophages are often identified by the immunophenotype CD68+ CD14+ and the number of macrophages correlates with tumor growth and prognosis [124] . Tumor-associated macrophages express glypican-3, and therefore, anti-glypican-3 antibodies are intended for therapeutic usage [125] . Another potential antitumor agent with tropism for macrophages is zoledronic acid [126] .
Potential Therapeutic Approaches
Macrophages play a key in the regulation of liver homeostasis at normal and pathological conditions. In this regard, many authors consider macrophages as possible therapeutic targets [127] [128] [129] or specific agents, and change in the number of different macrophage populations could be considered as possible diagnostic or prognostic marker [9, 130] .
There are several experimental studies in which macrophages have been used as therapeutic agents for the treatment of liver fibrosis. Macrophages regulate the activity of Ito cells and synthesize a set of metalloproteinases involved in remodeling of the intercellular matrix [8] . Thus, in the mice model of liver fibrosis, it was found that after injection of bone marrow macrophages severity of fibrosis was decreased due to the activation of its own population of liver macrophages and the involvement of neutrophils, which actively secreted MMP9 and MMP13 [131] . In another study, injected macrophages from red bone marrow were preliminarily polarized to the M1 or M2 phenotype before administration [132] . Moreover, a positive effect was also detected after injection of M0, but transplantation of M1 macrophages led to a more pronounced reduction of fibrosis due to inhibition of activity of hepatic stellate cells. The transplantation of M2 macrophages had no effect [132] . The main limitation of the usage of macrophages as therapeutic agents is their pronounced phenotypic plasticity; therefore, the development of methods for obtaining macrophages with a stable phenotype is extremely critical.
In other works, macrophages are considered as therapeutic targets, acting on which in vivo could stimulate reparative processes in the liver [26] . Thus, in models of alcoholic and nonalcoholic liver disease, M2-polarized Kupffer cells induced apoptosis of Kupffer cells with an M1-phenotype and that had positive effect on the state of the liver [133] . Similar data were obtained on a model of acute pancreatitis in rats [134] . In pancreatitis, the accumulation of Kupffer cells with the M1 phenotype in the liver is observed. The induction of polarization of such macrophages toward M2 direction led to decreased inflammation in the pancreas [134] .
A stimulating effect on reparative processes due to the effect on the macrophage population of the liver was also found in models of small-for-size organ syndrome [80, 135] . It was found that transplantation of umbilical cord MSCs increases the proportion of M2 macrophages in the liver and stimulates the proliferation of macrophages in rats with removed more than 80% of the liver [128] . Administration of melatonin to rats with small-for-size syndrome causes liver macrophage infiltration, which leads to an increase of IL6 level and stimulation of hepatocyte proliferation [80] .
In the case of inflammatory liver diseases, it is possible to block the migration of pro-inflammatory monocytes (Ly-6C+) into the liver, for example, by using CCL2 inhibitors [121] or to inhibit the activity of M-CSF, the level of which in the blood plasma of patients with hepatitis C is sharply increased, which leads to the accumulation of profibrotic macrophages in the liver [136] . Another way to reduce the activity of liver macrophages is to affect the intestinal flora. It has been shown that in patients with cirrhosis of the liver, a change in the intestinal flora is noted with contamination by more invasive bacteria [137] . The release of the intestinal flora from bacteria using broad-spectrum antibiotics and the colonization of the intestine with commensal bacteria can contribute to reparative processes in cirrhosis in the liver [138, 139] .
Another possible way is to use macrophages as prognostic or diagnostic markers in the clinic. This primarily relates to cancer. It has been established that the progression of tumor, including the liver cancer types, is closely related to the organ's macrophage population, which provides angiogenesis, immunotolerance, etc. [140, 141] . It was shown that macrophages of hepatic cell carcinoma carry a large number of markers of the so-called M2 phenotype, primarily CD163 and CD206 [142] . A particular prognostic interest is the presence of soluble sCD163, which is detected in blood plasma [143] . Detection of CD206+ cells in liver tumor tissue is also considered a poor prognostic marker [49, 141] . However, the link of these markers with the progression of hepatic cell carcinoma needs further confirmation [141, 143, 144] .
Summary and Conclusions
Macrophages are central players in regulation of tissue homeostasis; this is particularly well illustrated by the example of the liver. It is likely that the diversity of the functions of the liver itself has led to the formation of various subpopulations of macrophages adapted to participate in specific processes. The diversity of liver macrophages substantially complicates the investigation of their roles in liver regeneration. All liver macrophages respond to the organ damage, but their reactions are diverse and the comparative relevance of the changes to the reparative process is unclear. These complications may be resolved by exact assignments of specific molecular markers to different subpopulations of macrophages. Precise molecular portrayal of macrophage subpopulations may help to understand their particular roles in regeneration of the liver after injuries of different nature. 
